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Abstract 
High intensity focused ultrasound is a thermal therapy method used to treat malignant tumors and other medical conditions. 
Focused ultrasound concentrates acoustic energy at a focal zone. There, temperature rises rapidly over 56°C to provoke tissue 
necrosis. Device performance depends on its fabrication placing computational modeling as a powerful tool to anticipate 
experimentation results. Finite element method allows modeling of multiphysics systems. Therefore, induced heating was 
modeled considering the acoustic field produced by a concave radiator excited with electric potentials from 5 V to 20 V. 
Nonlinear propagation was neglected and a linear response between the acoustic fields and pressure distribution was obtained. 
Finally, the results showed that acoustic propagation and heating models should be improved and validated with experimental 
measurements. 
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1. Introduction 
In thermal therapies, it is important to know the temperature distribution achieved within the body generated 
by a heat source. High intensity focused ultrasound (HIFU) is a non-invasive, remotely applied, thermal therapy 
method used in oncological treatment. It has the advantage to focus acoustic energy inside a target in a small 
zone which can then be targeted within malignant tissues. HIFU induces a rapid temperature increment to 
produce irreversible cell damage, i.e. over 56°C (Haar and Coussios, 2007a, 2007b).  
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As HIFU goal is to provoke a localized damage, the focal thermal effect (or heated region) will depend on focus 
shape. This parameter is closely related to parameters such as transducer excitation conditions, radiator geometry, 
and exposure time, among others (Haar and Coussios, 2007a). The performance dependence on device fabrication 
places computational modeling as a powerful tool to visualize in advance what should be expected during 
experimentation. Finite element method (FEM) software allows to model multiphysics systems such as piezoelectric 
ceramics vibration, acoustic propagation, heating, etc. Previously, our workgroup has simulated the acoustic field of 
a 2 MHz single element concave radiator considering the HIFU transducer as a membrane which allows acoustic 
pressure propagation in media (Martinez et al., 2012). However, FEM temperature estimation has been limited due 
to the absence of high acoustic pressure determination, i.e. HIFU fields are usually characterized at low power 
(Shaw and Haar, 2006). 
The purpose of this work is to model the HIFU induced heating in a tissue phantom as a function of the 
transducer excitation voltage by means of FEM. Thus, the focused acoustic field was modeled according to the 
vibration of a concave radiator. Piezoelectric element was excited with electric potentials from 5 V to 20 V with 5 V 
increments. As nonlinear propagation was neglected, tissue thermal conductivity temperature dependence (Guntur et 
al., 2013) was included in heating model in order to obtain both the temperature increment response at the focus and 
the axial temperature distribution after 120 s sonication. 
2. Experimental procedure and modeling 
2.1. HIFU transducer acoustic and electrical characterization 
Focused radiator was acoustically characterized at low power by scanning a PVPF-Z44-0400 with a 3D 
automatic positioning system. The HIFU transducer was fixed inside a tank filled with degassed water. The radiator 
has a 2 MHz nominal frequency, but it was excited with a 15 cycles/10 Vpp burst at 1.965 MHz – which is its 
operating frequency. Hydrophone displacement resolution was 0.1016 mm in X and Y axis, and 1 mm in Z axis. 
Also, electrical impedance (Ze) was measured when the transducer was radiating in air and distilled water. An 
impedance analyzer (4294A, Agilent Technologies) was configured to make a frequency scan from 100 kHz to 4 
MHz. The transducer was excited with a continuous 500 mV signal. No impedance matching networks were used 
during measurements in order to be able to model the piezoelectric element Ze frequency response. 
2.2. Transducer electrical impedance modeling 
Based on the HIFU commercial transducer geometry, a 2D axisymmetric model was proposed assuming that the 
radiator was spherical and symmetric (see Fig. 1a). Model dimensions were approximated according to the 
transducer size. Piezoelectric ceramic material was unknown and previous Ze simulations showed that PZT-8 had 
better agreement with the transducer frequency response (Martinez et al., 2014).  
FEM software allows setting different boundary conditions. For Ze modeled when radiating in air, boundary 1 
acted as the symmetry axis, 2 was mechanically fixed and, 3 and 4 were configured as free. The electrical conditions 
were zero charge at boundaries 1 and 2, ground (0 V) at 3, and electric potential (500 mV) in 4. Material properties 
were obtained from software library. The current at boundary 4 was computed from integrating the current density at 
the element surface. By using Ohm’s law, Ze can be obtained (Ze=V/I). Mesh consisted of 2, 794 triangular elements. 
For Ze modeling in water, a rectangular subdomain was added to the geometry (see Fig. 1b). Boundaries 1-3 were 
considered as symmetry axis, 4 and 9 were configured with impedance condition (Z=Ucs, U is density and cs is sound 
speed) equal to the medium impedance to reduce model dimensions and wave reflections, boundary 7 was set with 
continuity condition, 8 acted as a rigid wall. From piezoelectric element, boundaries 5, 6 and 10 stayed as mention 
above. Transducer Ze changes according to the load (acoustic impedance) at the radiating face e. g. when changing 
from air to water. Hence, at boundary 6 a normal force (Fz) was added as p, the acoustic pressure ejected into the 
element face. A frequency response analysis was performed from 100 kHz to 4 MHz in both cases. FEM meshes 
maximum element size was set as O/6 of the scan maximum frequency.  
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2.3. HIFU acoustic field modeling 
The geometry used for the acoustic propagation modeling is shown in Fig. 1b. Focused acoustic field was 
simulated according to the piezoelectric element vibration at 1.965 MHz for the electric potentials of 5, 10, 15 and 
20 V. Excitation power variations keep a linear relation – if nonlinear propagation is neglected – with the acoustic 
pressure generated. Once obtained the transducer Ze, the acoustic field was modeled by making a time-harmonic 
analysis at the operating frequency. The FEM equation for the time-harmonic propagation problem is 
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where p is the acoustic pressure and Z is the angular frequency. Mesh consisted of 5, 494 triangular elements for the 
concaves subdomains – piezoelectric element and water – and 39, 589 quadrilateral elements for the rectangular 
subdomain. Maximum size element was 0.1 mm (O/6 at 2 MHz). 
 
Fig. 1. (a) Piezoelectric radiator geometry for FEM model emitting in air; (b) electrical impedance modeling when the transducer is emitting in 
water; (c) heat modeling geometry 
2.4. Heating modeling 
In this case, ultrasound was used as the heating source into a liver phantom. Hence, Penne’s bio-heat equation 
was used 
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where C is the specific heat of tissue, k is tissue thermal conductivity tensor, Ub is density of blood, Cb is the specific 
heat of blood, Zb is the blood perfusion rate. Tb is the arterial blood temperature. Qmet is the heat source from 
metabolism, Qext is the external heat source, and T is the temperature. The relation between ultrasound and bio-heat 
equation is defined as 
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where I is the acoustic intensity and D is the absorption coefficient (Gutierrez et al., 2012).  
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A time dependent analysis was performed with a HIFU exposure time of 120 s. A bovine liver phantom was 
added to the geometry (see Fig. 1c) to observe the temperature rise in the focal area. Nonlinear propagation was 
neglected. Therefore, tissue phantom k was considered as both constant and temperature dependent from 20°C to 
90°C (Guntur et al., 2013), to visualize the temperature distribution differences when taking into account the 
temperature dependence of this parameter. Thermal properties for both water and phantom are shown in Table 1. 
HIFU induced heating model was solved for the 4 different piezoelectric excitation powers and also considering k as 
constant and temperature dependent. Boundary conditions for the heat model were 1-3 axial symmetry, 4-6 and 9 
continuity; 7, 8 and 10 were configured with initial temperature T0= 20°C. Finally, boundary 13 was set as 
insulation condition. Maximum mesh element was established as O/6 and consisted of 5, 494 triangular elements and 
39, 638 quadrilateral elements.  
Table 1. Properties used in the heat model for water and tissue simulator (Guntur et al., 2013). 
Property at 20 °C Water Liver phantom 
Specific heat C [J/(kg·K)] 4000 3411 
Density U [kg/m3] 1000 1045 
Thermal conductivity k [W/(m·K)] 0.58 0.5 or 
9e-5 T2-0.0536 T+8.8805     
(20°C<T<90°C) 
Sound speed [m/s] 1500 1540 
 
3. Results and Discussion 
3.1. HIFU transducer electrical impedance 
Fig. 2a shows the Ze frequency response measured in air. The resonance frequency fr was found around 2.07 
MHz, while anti-resonance frequency fa is at 2.24 MHz. In the case of Ze measured in water (see Fig. 2b) the fr 
presented at slight shift to the right, finding the minimum Ze at 2.04 MHz. On the other hand, fa stayed at the same 
value. The modeled Ze response in both air and water presents a great concordance with the measured data. 
Moreover, the fr’s were found around 2.035 MHz and 2.025 MHz when vibrating in air and water, respectively. The 
fa’s were located at 2.285 MHz in air and 2.375 MHz in water. It can be noticed that fr presented a small shift to the 
left when the piezoelectric was emitting in air, and the fa suffered a shift to the right when passing from air to water. 
 
 
Fig. 2. (a) Electrical impedance measured and simulated in air; (b) electrical impedance measured and simulated in water. 
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3.2. HIFU transducer acoustic field 
Despite the Ze model result was congruent with the measured data, the modeled acoustic field showed larger 
differences at the focal zone. Fig. 3a shows the normalized radiation pattern. The highest intensity point was located 
around 17 mm from transducer housing. Fig. 3b shows the normalized acoustic fields modeled from the radiator 
proposed when excited at the 4 different electric potentials. Since it was performed a linear modeling of the acoustic 
field, no difference in the radiation pattern was observed. Fig. 4a shows the pressure distribution along Z-axis for the 
experimental case. It can be seen the presence of a peak at 17 mm from transducer housing.  Fig. 4b shows the 
normalized pressure distribution along Z-axis for the four cases of electrical excitation. Pressure distributions do not 
show differences between each other. The highest acoustic intensity of the four models was located around 16 mm. 
Nonetheless, it can be noticed in Fig. 3b and Fig. 4b the presence of a smaller focus close to 10 mm which could be 
due to the geometry proposed, the dependence on the parameters of transducer fabrication and real problem 
simplification. 
 
  
Fig. 3. (a) Measured acoustic field; (b) acoustic fields modeled at different excitation powers. 
 
Fig. 4. (a) Measured acoustic pressure distribution along beam path; (b) simulated acoustic pressure distribution along beam path.  
3.3. Heating modeling 
Once the Ze and the acoustic radiation patterns were modeled, the induced heating was computed. The 
temperature increment at the highest acoustic intensity spot z≈16 mm is shown in Fig. 5a. The continuous curves 
represent the temperature rise when the spherical radiator was excited with 5 V, 10 V, 15 V and 20 V, and k had a 
constant value of 0.5. Dashed curves represent the temperature increment when the temperature dependence of k 
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was included in the model. It can also be observed that after 120 s sonication the induced heat was higher when k 
was constant, while it was expected the opposite – to obtain larger increments with k as function of T.  
Moreover, it can be noticed that in order to achieve a ∆T ≈ 23°C – approximate temperature increment necessary 
to produce tissue ablation – there was a relation voltage-time-k. At constant k, ∆T was found after 22 s for a 15 V 
excitation input; while it was 4 s for 20 V. On the other hand, at k(T), ∆T was reached after 120 s for 15 V electric 
potential and 13 s for 20 V. Nevertheless in Fig. 5b, the temperature distributions along beam propagation showed 
that those when considering k (T) enclosed a larger area than those with constant k. This behavior indicates the 
influence of the temperature dependence of k in the tissue. This response was observed for the four cases. 
 
 
Fig. 5. (a) Simulated temperature increment at highest intensity point when k is both constant and temperature dependent; (b) simulated 
temperature distribution along beam path when k is both constant and temperature dependent. 
4. Conclusions 
     Focused acoustic field was modeled for the cases where the radiator was excited at different electric potentials. 
Nonlinear propagation was neglected. This consideration showed a linear response between the acoustic fields and 
pressure distribution, i.e., linear radiation pattern and acoustic pressure increase according to the voltage increment. 
The presence of the first focus should be analyzed by improving the geometry of the model in order to get a better 
approach to the measurements. Heating modeling was realized considering the acoustic field modeled solutions at 
the different radiator excitation powers. The inclusion of temperature dependent parameters such as the thermal 
conductivity showed a lower temperature increment when it was expected to be higher. However, the temperature 
axial distribution showed a larger area heated for the case of k(T). Finally, the acoustic propagation and heating 
models should be improved and validated with experimental measurements. 
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